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• Self-annihilations, Self-interactions and PAMELA and 
Fermi excesses

• Early universe consistency conditions

• The Milky Way satellites

• Cores in nearby galaxies
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Hidden sectors

SUSY

MSSM

Hidden

εF photon
µν Fµν

dark

φ→ e+e−

XX → φφ→ 2e+2e−

DM (X) with U(1) charge
U(1) gauge boson φ
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Hidden sector dark matter from Freeze-out
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Charge of X under
hidden U(1) is

√
4παX

Charge of SM fermion f under
hidden U(1) is εeQf



Annihilation cross section

〈σanvrel〉 = k
πα2

X

m2
X

S(mφ,mX , vrel)

Cross section changed by non-relativistic effects

k ~ 1 depends on the spins of  particles and other details

S is the “Sommerfeld enhancement” due to the 
attractive force between Xs that distorts the wave 
function at close separation.

A. Sommerfeld, Annalen der Physik 403, 207 (1931)

Hisano, Matsumoto and Nojiri, PRD 67 (2003) 075014
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Explain with DM 
annihilation to e+ e-?
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Use massive dark force carrier

• Turns out the cross section required to explain PAMELA and 
Fermi is much larger than the typical weak scale cross section 
3 x 10^(-26) cm^3/s

• But S could be a 1000!

• Use Sommerfeld enhancement get the right 
annihilation cross section in the halo to explain 
Pamela and Fermi.

Cirelli, Kadastik, Raidal and Strumia, Nucl. Phys. B 813, 1 (2009)
Arkani-Hamed, Finkbeiner, Slatyer and Weiner, Phys. Rev. D 79, 015014 (2009) 

φ→ e+e−

XX → φφ→ 2e+2e−



Sommerfeld enhancement
• Away from resonances, the 

Sommerfeld effect depends 
on velocity

• This enhancement is 
saturated when velocity ~ 
force carrier mass/dark 
matter mass 

• At resonance, the 
enhancement grows like 
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Sommerfeld enhancement
• Away from resonances, the 

Sommerfeld effect depends 
on velocity

• This enhancement is 
saturated when velocity ~ 
force carrier mass/dark 
matter mass 

• At resonance, the 
enhancement grows like 

S. Cassel 2009 and T. Slatyer 2010

Large S enhancement requires large alpha.
Can we still get the right relic density?



PAMELA/Fermi: dark force Sommerfeld 
enhancement expalation

Feng, Kaplinghat, Yu PRL 2010

S_eff  is defined such that 

Fits from Bergstrom, Edsjo, Zaharijas PRL 2009 
for 250 MeV dark force carrier

〈σanvrel〉 = k
πα2

X

m2
X

S(mφ,mX , vrel)

= Seff 3 × 10−26cm3/s
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PAMELA/Fermi: dark force Sommerfeld 
enhancement expalation

Feng, Kaplinghat, Yu PRL 2010

S_eff  is defined such that 

Fits from Bergstrom, Edsjo, Zaharijas PRL 2009 
for 250 MeV dark force carrier

〈σanvrel〉 = k
πα2

X

m2
X

S(mφ,mX , vrel)

= Seff 3 × 10−26cm3/s

For the moment, neglect resonance 
and the fact that S>1 in the early 
universe.

To get the right relic density for 
mX~TeV, we need alphaX ~ 0.025

In the halo, v ~ 10^(-3)

Then S~ pi alpha/v ~ 75

S_
ef

f



Freeze out with Sommerfeld enhancement

Feng, Kaplinghat, Yu 2010 submitted
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Freeze out with Sommerfeld enhancement

Feng, Kaplinghat, Yu 2010 submitted

w/o S in the 
early universe

with S in the 
early universe

At Resonance

Annihilations happen until very late 
depleting dark matter. This is a major 
issue for regions close to resonance



Force carrier decays

• Force carrier (phi) must 
necessarily decay to give 
rise to the positron excess

• Production of  phi must 
outstrip the decay and 
the expansion rate

where f(!v) is the dark matter’s velocity distribution, vrel = |!v1 − !v2|, and

v0 =

√

2TX

mX
≡

√

2

xX
, (15)

the most probable velocity. For the Sommerfeld-enhanced annihilation cross section, this
becomes

〈σanvrel〉 =
x3/2

X

2
√

π

∫ ∞

0
(σanvrel)v

2
rele

−xXv2
rel

/4dvrel = (σanvrel)0S̄(xX) , (16)

where

S̄(xX) =
x3/2

X

2
√

π

∫ ∞

0
Sv2

rele
−xXv2

rel
/4dvrel (17)

is the Sommerfeld enhancement averaged over a thermal distribution with temperature TX =
mX/xX .

B. Force Carrier Production and Decay

In the relic density calculation, we have implicitly assumed that the φ particles are in
equilibrium. This requires that the φ production rate be larger than both the φ decay rate
and the expansion rate. Note that the force carriers are necessarily unstable, as their decays
to standard model particles are required to provide indirect signals. In a simple example, if φ
is a U(1) gauge boson, it may mix with the standard model photon through kinetic mixing
terms ∼ εFEM

µν F φµν . After diagonalizing the φ-photon system, standard model particles
with charge Q have hidden charge εQ [26], and so the φ particles decay through φ → f f̄ ,
where f = e, µ, u, d, s, . . .. The largest kinetic mixing parameter allowed by current particle
physics constraints is ε ∼ 10−3 [27, 28].

For T ( mφ, the decay rate for φ → f f̄ in the lab frame is Γφ =
(ε2/3)

∑

f (Q
2
fN

f
c )αEMmφ(mφ/E), where we have averaged over the three φ polarizations,

Qf and Nf
c are the standard model charge and number of colors for fermion f , the last

factor of mφ/E is from time dilation, and we have assumed mf ) mφ. The lifetime is then,

τφ = 6.8 × 10−16 s

[

4
∑

Q2Nc

] [

10−3

ε

]2 [

E

10 GeV

]

[

1 GeV

mφ

]2

, (18)

where the sum is over all fermions with mass mf < mφ/2. For ε >∼ 10−6, the resulting φ
lifetime is much shorter than the age of the Universe at freeze out, when T + mX/25.

The leading contributions to the φ production rate are through f f̄ → φγ and fγ → fφ,
and these rates must be larger than the decay rate to keep the φ abundance in equilibrium [29,
30]. To test this, we compare the decay rate to the production rate from the log-enhanced
process γf → φf . The cross section is the standard model Compton scattering cross section
multiplied by ε2. For incoming particles with s ∼ T 2, the rate of change of the φ number
density is

∑

f

nfnγ〈σv〉fγ ∼ w
6

π4
ζ(3)2πα2

EMε2T 4 , (19)

where w is determined by including the pre-factor
∑

f Q4
fN

f
c (2/s) ln(s/m2

f ) and thermally-
averaging it in the early Universe. We estimate w ∼ 20 and comparing this to the rate of

7
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∑
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Maximal sommerfeld enhancement

Feng, Kaplinghat, Yu 2010 submitted



Astrophysical uncertainties

• Value of  local density

• Recent estimates suggest this to be 0.4 GeV/cm^3

• The best fit regions will shift down by (0.3/0.4)^2 if  we 
use this central value

• Positrons from subhalos and substructure

• Propagation uncertainty, contribution from pulsars, etc

Catena and Ullio 09, Salucci et al 10



Non minimal particle physics models
• New annihilation channels

• If  phi mass is generated through Higgs 
mechanism, then generically Higgs is 
also light. 

• Multi-state dark matter

• Two stable states with each stable state 
split into two almost degenerate states

• Non-abelian models, running of  
coupling

• Additional annihilation channels

• Decay of  higgs happens late after 
BBN

Cholis and Weiner, 2010

S ~ 100 sufficient if  TeV state 
explains Fermi and 100 GeV 
state explains PAMELA

But no self  consistent freeze 
out calculation

Chen, Cline, Frey 09
Zhang, Li, Cao, Li 09

XX → φh

〈σanv〉 =
1
4

παX

m2
X



Galactic constraints

Meade, Papucci, Strumia, Volanksy 2009
Abazajian, Agarwal, Chacko, Kilic 2010

9

FIG. 5: Interpretations of PAMELA and Fermi e+/e− with an
intermediate dark force carrying particle φ allowing for dark
matter annihilation into four lepton final states. The upper
(lower) two panels are 4e (4µ) final states with mφ = 0.3 GeV
and mφ = 0.8GeV. Galactic radio synchrotron observations
exclude the region within the dotted line, in all panels [23].
All PAMELA models with mχ ! 1 TeV are firmly excluded
by the lack of a " 20% drop in the Fermi e+/e− spectrum
below 1 TeV [23].

mological diffuse spectrum as the maximum amount that
the annihilation signal can be an a given energy, with 95%
CL limits to the full spectrum for any given mχ. For the
95% CL limit, we sum take the bin-summed χ2 < 1.282
for this form of a one-sided upper limit. These limits are
shown in Fig. 2.

E. PAMELA and Fermi
Electron/Positron-Spectrum Motivated Models

The PAMELA observation of an increase on the
positron fraction at 10 to 100 GeV, in combination with
a feature in the shape of the Fermi e+/e− spectrum at
∼1 TeV could be consistent with the production of the
high energy e+/e− in the products of dark matter anni-
hilation. Since annihilation modes to charged particles
also produce photons from bremsstrahlung, the signal is
should also be observed or constrained by the Fermi-LAT
isotropic diffuse spectrum. Channels through the quarks
and massive W± and Z bosons are strongly excluded by
a number of observations [23]. We examine here con-
straints on two-body charged annihilation modes from
the Fermi-LAT isotropic diffuse background, with 95%
CL exclusions shown in Fig. 4. The PAMELA 99% CL
preferred region is in pink, and combined Fermi-e+/e−

preferred 99% CL region in red, from Ref. [23].
We again choose the most conservative cases for the

MW halo profile, as in §IID, with a shallow Einasto pro-
file as that incorporated in Eq. (7), and high mass cut-
off of the halo mass function at Mmin = 106 M". The
Fermi-LAT diffuse spectrum excludes a large part of the
parameter space for the PAMELA and Fermi-e+/e− 99%
CL regions, and when combined with the HESS Galac-
tic Ridge constraints, exclude all interpretations of the
PAMELA positron fraction and Fermi-e+/e− feature as
arising from dark matter annihilation into two-body stan-
dard model particle final states.
We also consider four-lepton annihilation modes that

could occur through an intermediate force carrying vector
or scalar boson, φ, with mass mφ ! 1 GeV. We take
scalar bosons of two cases, mφ = 0.3 GeV and mφ =
0.8GeV, into either 4e or 4µ final state modes. They
are shown in Fig. 5. For the more massive φ particle,
mφ = 0.8GeV, the resultant lepton states are sufficiently
energetic to be excluded by their final state radiation
by the Fermi-LAT diffuse and HESS GR observations.
However, for the lighter mass, mφ = 0.3 GeV, regions
of the parameter space are not excluded at the 95% CL
level.
For reference, we also show several other constraints

that have been placed in the literature on these models
also using Einasto-type profiles for the MW halo. For
the two lepton modes, we show the region excluded by
ICS radiation of the original final state radiation prod-
ucts scattering off of cosmic microwave background pho-
tons, as constrained by Fermi-LAT data from the Galac-
tic poles (triple-dot dashed), from Ref. [9], and originally
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IV. µ-TYPE DISTORTION OF THE CMB
SPECTRUM

Measurements of the CMB spectrum by the FIRAS in-
strument onboard COBE have shown that is nearly that
of a perfect blackbody with temperature T0 ∼ 2.728◦ K.
Deviations from a pure black-body spectrum are, how-
ever, expected if there is any energy input in the early
Universe. If this energy is injected between 5.1 × 104 !
z ! 2× 106 (12 eV! T !470 eV), the spectral distortion
is a Bose-Einstein µ−type distortion where µ is the chem-
ical potential [28]. If the number of photons injected dur-
ing the energy release is small, compared to the number
of photons in the radiation plasma, then µ ∼ 1.4δργ/ργ ,
where δργ is the injected energy and ργ is the energy
density of the CMB photons.
The current observational limit for the µ-type distor-

tion at the 95% confidence level is |µ| ≤ 9.0× 10−5 [37].
In principle, this limit could already have been improved
by nearly two orders of magnitude by now given recent
technological advances [38].
In the case of energy deposited by annihilation of neu-

tralinos, the µ−type distortion was studied by [39] for
the case of s-wave and p-wave cross sections. More re-
cently it was also mentioned by [40]. The value of µ is
given by:

µ = 1.4
δργ
ργ

= 1.4

∫ t2

t1

ρ̇γ
ργ

dt = 1.4

∫ t2

t1

fmχ 〈σv〉n2
χ

ργ,0a−4
dt

(13)
where, ργ,0 is the present-day energy density of the CMB
(Ωγh2 ∼ 2.47× 10−5), t1 − t2 is the time interval corre-
sponding to the energy injection and f is the the effi-
ciency in which the injected energy is transformed into
heat[48]. In principle, f depends on the channel of anni-
hilation and on time. However at the relevant redshifts
(z ' 1000), f is basically given by the annihilation chan-
nel [23]. For electrons and photons f ∼ 1, but for anni-
hilation into τ ’s for example, some of the energy is lost
in neutrinos. Nevertheless, for all relevant channels, [23]
found that f > 0.25 for z > 2500. We will adopt f = 1,
our results can be reinterpreted easily for a different value
of f .
Since the relevant redshift range of energy injection is

in the radiation dominated era and after kinetic decou-
pling, we can write t = tkd(1+zkd)2/(1+z)2 = tkdxχ/xkd

χ .
It is also convenient to write Eq. (13) in terms of the vari-
able xχ = mχ/Tχ:

µ = 1.4f

(

〈σv〉S
mχργ,0

)(

tkd
xkd(1 + zkd)4

)

˙

˙

∫ x2

χ

x1
χ

S(xχ)x
−1
χ ρ2χ(xχ)dxχ (14)

where:

x1,2
χ =

mχTkd

T 2
0 (1 + z1,2)2

(15)

FIG. 3: Scan of the parameter space (mφ/mχ, αc) with the
expected values of the µ-type distortion to the CMB spectrum
for mχ = 100 GeV, Tkd = 8 MeV and cross section values
satisfying the constraint in the relic density: Ωχh

2 = 0.1143.
The 2σ observational upper limit on |µ| is 9× 10−5. The plot
shows the values of the logarithm of µ color-coded according
to the scale on the right.

The density of neutralinos changes with time (temper-
ature through the variable xχ) according to the Boltz-
mann equation. Its value at a given radiation temper-
ature is related to the ratio Y given by Eq. 11 (recall
that ρχ = mχsY ) by replacing x0 with the corresponding
x = mχ/T and using the relation between the radiation
temperature and that of the neutralino gas:

ρχ(xχ) = mχs(x = (xkdxχ)
1/2)Y (x = (xkdxχ)

1/2) (16)

Note that for the redshift range of interest T <470 eV
and thus g∗S , which enters in the value of the entropy
s(x), is a constant equal to g∗S(x0) = 3.915.
Now, tkd(1+zkd)2 = tE(1+zE)2 = t0(1+zE)1/2, where

zE is the redshift of matter and radiation equality and t0
is the age of the Universe. In the last equality we have
used the relation between the scale factor and time for an
Einstein-de Sitter Universe. Since (1 + zE) = Ωχ,0/Ωγ,0,
we can finally write:

µ = 1.4f

(

Ωχ,0h2

Ωγ,0h2

)3/2 (
Ωχ,0ρcrit,0

mχ

)

t0 〈σv〉S ˙

˙

∫ x2

χ

x1
χ

S(xχ)x
−1
χ

(

Y (x = (xkdxχ)1/2)

Y (x0)

)2

dxχ (17)

Note that the function in parentheses inside the integral
is equal to one if the comoving density of neutralinos is
no longer evolving (has frozen) by z = 2 × 106. This is
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Ruled out by WMAP5

Planck
forecast

CVL

12

34

5

6 7

8

9
10

11
12

13
 1 XDM µ+µ- 2500 GeV, BF = 2300

 2 µ+µ- 1500 GeV, BF = 1100

 3 XDM µ+µ- 2500 GeV, BF = 1000

 4 XDM e+e- 1000 GeV, BF = 300

 5 XDM 4:4:1 1000 GeV, BF = 420

 6 e+e- 700 GeV, BF = 220

 7 µ+µ- 1500 GeV, BF = 560

 8 XDM 1:1:2 1500 GeV, BF = 400

 9 XDM µ+µ- 400 GeV, BF = 110

10 µ+µ- 250 GeV, BF = 81

11 W+W- 200 GeV, BF = 66

12 XDM e+e- 150 GeV, BF = 16

13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section 〈σAv〉
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

〈σAv〉saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section 〈σAv〉 =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

some other avenues to constrain GeV scale 
dark force

• Distortion of  CMB anisotropy power 
spectra [Slatyer, Padmanabhan and 
Finkbeiner 2009] 

• Distortion to black body spectrum of  
CMB [Zavala,Vogelsberger and White 
2009]

• Contribution to gamma-ray 
background and reionization 
[Kamionkowski and Profumo 2008]

• Look for final state radiation 
from dwarf  galaxies 

• Effect of  self-scattering in nearby 
galaxies (shapes and cores)
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• DM particles would interact with each 
other with a potential given by 

• Let a be such that 

• Then cross section 

• Quantum effects change this cross section 
significantly [Buckley and Fox 2010]

• Effects in the late universe if  

Scattering

V (r) = −α

r
e−mφr

−V (a) =
1
2

mX

2
v2
rel

∼ πa2 > π/m2
φ

• Halos get spherical

• Cores in the density 
profile of  halos

nX〈σscattervrel〉 > (age)−1



NGC 720 has an aspherical dark matter mass 
distribution

Smoothed Chandra image 
at 06-10 keV

Overlaid with optical 
contours from DSS image

Buote, Jeltema, Canizares, Garmire 2002 



Bounds from self  
scattering

Feng, Tu, Yu, Kaplinghat 09;
Buckley, Ackerman, Carroll, Kamionkowski 08
θ is the weak mixing angle

in the hidden electroweak sector
ξRH is hidden to visible sector

photon temperature at reheating

Feng, Kaplinghat, Yu PRL 2010

massless force 
carrier



Local group (predictions from a simulation 
with cold dark matter)
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Pre-SDSS (Classical) Milky 
Way companions

Picture 
without 
the new 
satellites 

discovered 
by Sloan 

Digital Sky 
Survey



The Milky Way Companions

Strigari, et al, Nature 2008

=> Density = 0.1 Solar Mass / parsec^3
=> consistent with basic CDM predictions for objects that 
collapse early, z~10

Nothing special 
about 300 pc: it is 
the best radius 
(least errors) at 
which to compare 
the ensemble to 
theory



Gamma rays from DM annihilation in 
the satellites: Fermi constraints

Fermi/LAT collaboration, Bullock, Kaplinghat, Martinez 2010 

Does not include Segue 1, could be the best constraint



Core or cusp?
• Canonical CDM 

simulations show that 
density of  dark matter in a 
galactic halo increases with 
decreasing radius on 
observable scales. Is this 
the case observationally?

• Self-interactions, self-
annihilations and finite 
primordial phase space 
density will all stop this 
increasing density with 
decreasing radius trend. 
But at what radius?

Radius
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Problem: We can’t (yet) measure the slope of 
the density profile in the satellites

Standard way to measure density profiles is to look at velocity dispersion 
of the stars in these dwarfs. Velocity dispersion (temperature) tells us about 
the potential well.

However, there is a fundamental degeneracy with the velocity dispersion 
anisotropy of  stars that prevents one from measuring the profile well.
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/sNFW density profile 

increases as 1/
radius close to the 
center, i.e., a cusp

Black curve are for 
cored density profile

Strigari et al 2006



What can we measure in the satellites?

Wolf, Martinez, Bullock, Kaplinghat, Geha, 
Munoz, Simon, Avedo MNRAS 2010
Similar results from 
Walker, Mateo, Olszewski, Penarrubia, 
Evans, Gilmore ApJ 2009

r1/2 : 3D half-light radius
M1/2 : dynamical mass 
within half-light radius

M1/2 =
3r1/2〈σ2

LOS〉
G

Answer: Mass within the 
half-light radius of  starsFrom 

likelihood 
analysis

Fit



Density of dark matter 
at half light radius

Data from Wolf, Martinez, Bullock, Kaplinghat, 
Geha, Munoz, Simon, Avedo MNRAS 2010



Density of dark matter 
at half light radius

Data from Wolf, Martinez, Bullock, Kaplinghat, 
Geha, Munoz, Simon, Avedo MNRAS 2010

M1/2 =
3r1/2〈σ2

LOS〉
G



Density of dark matter 
at half light radius

Turn this into an 
average density 

within the stellar 
half  light radius

Data from Wolf, Martinez, Bullock, Kaplinghat, 
Geha, Munoz, Simon, Avedo MNRAS 2010

M1/2 =
3r1/2〈σ2

LOS〉
G



Density of dark matter 
at half light radius

Turn this into an 
average density 

within the stellar 
half  light radius

Data from Wolf, Martinez, Bullock, Kaplinghat, 
Geha, Munoz, Simon, Avedo MNRAS 2010

M1/2 =
3r1/2〈σ2

LOS〉
G

Density 
in solar 
masses 
per unit 
parsec 
cube



100 1000

0.01

0.1

1

Half  light radius in parsec

Black dashed line is a 
NFW profile with a scale 

radius of  2000 parses

Segue 1; very preliminary!

Density of dark matter 
at half light radius

Turn this into an 
average density 

within the stellar 
half  light radius

Data from Wolf, Martinez, Bullock, Kaplinghat, 
Geha, Munoz, Simon, Avedo MNRAS 2010

M1/2 =
3r1/2〈σ2

LOS〉
G

Density 
in solar 
masses 
per unit 
parsec 
cube



UGC 7524/NGC 4395

What about cores 
in larger galaxies, 

further away?

Rotation supported galaxies



Nearby Low Surface Brightness Galaxies

Kuzio de Naray, Martinez, Bullock, Kaplinghat, ApJL 2010

Note the linear rise in rotation velocity at small 
radii for all galaxies => constant density cores



Is there a core density vs mass relation?

ED3,4

Th1,2

Kuzio de Naray, 
Martinez, Bullock, 

Kaplinghat, ApJL 2010

Self  interacting dark 
matter does not 

naturally explain the 
spread in the value of  
the inner density cores 

or the lack of  
correlation with Mass

Note that we are not 
excluding the possibility of  
self  interactions that would 

give rise to cores smaller 
than those here
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Conclusions
• Sommerfeld enhanced explanations of  PAMELA and 

Fermi electron and positron anomalies have not been 
shown to self-consistently explain the observed relic 
density

• The cores in LSBs are not naturally explained by self-
interactions of  dark matter

• No evidence for cores or cusps in MW dSphs but that 
is the place to look for any deviations from collision 
less cold dark matter paradigm


